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EFFECTSOF COMI?RESSIBILITYON THEFLOW

PASTA TWO-DIMENSIONALBUMP1

ByW.I’.LindseyandBernardN.Daley

TECHNICALNOTE2k84

suMMARY

An investigationhasbeenconductedto determineexperimentallythe
effectsofcompressibilityontheflowpasta bumpandto comparethe
experimentallydeterminedresultswiththeory.Pressuremeasurements
andschlierenphotographsweremadeovera largeMachnumberrangeofthe
flowpasttwobumpshavingthickness-chordratiosof 0.10and0.30.

Theresultsof theinvestigationindicatedthattheeffectsof com-
pressibilityon theflowpastthesespeciallyshapedprofilesorbumps
wereinagreementwithresultsof previousinvestigationsonairfoils.
Reasonablygoodagreementwasfoundbetweentheexperimentalresultsand+
thesynmletricalty_&of theoreticalsolutionof theflowpastbumpsexcept
overtherearhalfofthemodelsat supercriticalMachnumbers.This

. disagreementbetweenexperimentandtheorysuggestedthatan asymmetrical
ty-peoftheoreticalsolutionwouldbe necessaryto obtainagreementwith
therealflow. Sucha solutionwouldprobablyintroducemathematical
discontinuitiesintheflow. Theresultsof theinvestigationalsoshowed
thatthe“limiting”Machnumberhadno practicalsignificanceinrelation
to theformationof compressionshocks.Thetheorydoesyieldinformation
withregardtotheextentofthesupersonic-flowfieldovertheforward
partof themodelatMachnumbersup to thelimitingvalue.

INTRODUCTION

A theoreticalstudyoftheflowofa compressiblefluidpasttwo-
dimensionalsymmetricalbumpsofvariousthicknessesisgiveninrefer-
ence1. Inreference1 an iterationprocesscreditedtoAckeret(refer-
ence2) isused;thisprocessextendsthePrandtl-Glauertrelation
(references3and4) tohigher-orderterms.Referencelshowsthatthe
additionof the‘second-andthird-ordertermsproducedan increaseinthe

. predictedeffectof compressibilityonthemaximumnegativepressure
coefficients;theresultingeffectwasingoodagreementwiththatobtained

.-

—
—

.-

IsupersedesrecentlydeclassifiedRM L6K12b“EffectsofComPressibiliw.
ontheFlowPasta Two-DimensionalBump,“by W. F. LindseyandBernardN.
Daley,1947.
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fromVonK&m~n-Tsienrelation(reference5). Reference1 alsogivesa
theoreticalindicationofa “limiting”Machnumberbeyond.whichpoten-
tialflow-orflowwithoutshockdidnotexist.Theamouritbywhichthe
limitingMachnumberexceededthecriticalMachnumberincreasedasthe
thickness-chordratioincreased. .

~e-profileoftheshapeforwhichthe-theoreticalstudyofthe
flowwasmade(reference1)wassuchthatreasonableagreementcouldbe
expectedbetweentherealflowat low Speedsand the Pokntial flows An
investigationwasmade,therefore,‘intheL@gleyrectangularhigh-speed.
tunneltodetermineexperimentallytheeffettsofcompressibilityonthe
flowofa realfluidpastthistypeofbump-andtocomparetheexperi-
mentallydeterminedresultswiththeresultsobtainedby perfect-fluid--
theory.

Modelsof10-”and30-percentthicknesswereinvestigated.The
thinnermodelcorrespondedtoapproximately-themiddleofthethickness
rangeincludedinthetheoreticalStud-yjwhereasthe thick= modelwas
somewhatbeyondthelimitsofthatrange.Theinvestigationofthe
thickmodelpresentedan opportunity’tcrcom~retwocomplementarytheo-
reticalmethodsforcalculationof subsonic:”%ws:namely,thePoggi
methodandtheAckeretiterationprocess.Forthickbodies,forwhich
thecriticalMach.numberis small,thePoggimethodshouldyieldthe
moreaccurateresultbecausetheshapef%ct~rhasa greatereffectthan
thecompressibilityofthefluid.Forthinbodies,forwhichthecritical“-
Machnumberishigh,theAckeret.processshoyldyieldthemoreaccurate
solutionbecausetheeffectof compressibilityofthefluidisgreater
thantheshapeeffect.(Seereference1.)

~e -experimentalinvestigationconsistedofpressuremeasurements
andschlierenphotographsoftheflowpast.$-hetwoJ-inch-chordmodels.
ThepressuremeasurementsweremadeatMach.numbersfrom0.22to--the
chokingMachnumberofthetunnel,Theschliere-nphotographswereobtai~ed
inthesupercritical-speedregion.Hasmuchas thetheoreticalstudywas–
restrictedtoanangk.ofattackoFOO toavoidtheoccurrenceofa
stagnationregiona’rthesharpleadingedge..ofthesymmetricalshaPej!pe
presentinvestigationwasconductedsothatthisconditionwouldbe

.-

satisfied.
.—

SYMBOLS

M streamMachnumber .

Mm criticalMach
velocityis

.
number(streamMachnumberatwhichsonic —
attainedlocally,‘asatmodelsurface)

.

.
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M = 1.0atmodelsurface

to

streamtotalpressure

totalpressureinwakeof”model

theoreticaldecreaseintotalpressurethrotigha normalshock

distancefromsurfaceto pointinlocal
M = 1.0,percentmodelchord

locationof forwardstationonmodelat
(P= O) isattained

sectiondragcoefficient

ratioof specificheats

streammassdensity

streamvelocity

chordofbump

thiclmessofbump

Subscripts:

10 10-percentbump

30 30-percentbump

flowfieldwhere

whichstreamvelocity

.

—
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ThepresentinvestigationwasconductedintheLarigleyrectangular
high-speedtunnel,whichisa nonreturninduction-typetunnelhavinga
4-by 18-inchtestsection(fig.l(a)).Theh-inch&Lmensionof’this
tunnelisfixed,butthetwonarrowwallsareflexibleandpermitthe
height(18in.at-testsection)tobe variedinordertoadjust--the
pressuresalongthetunnelaxis,

Testsweremadeononlyonesurfaceofeachmodelbecausethemodels
weresymmetricalandweretestedat anangleofattackofOO. Thesur-
facesorbumpswereattachedtoa longflatsupportplateinstalledalong
thetunnelcenterlineandspanningtheh-inchdimension.Thetwobumps,
representing10-percent=-and30-percent-thickmodels,wereattachedto
oppositesidesofithesupportplateat thetest-sectionlevel,thechords - ‘–
ofthemodelscoincidingwiththesurfacesof theplate.Theplatethus
assuredtheproperattitudeofthemodelwythrespect-to theflow. The
thicknessoftheboundarylayeronthesupportplateat thetest-section
levelwasexpectedtobe smallbecauseofthefavorablepressuregradient
aheadofthemodellocation,anda~hin boyndary~yer wasindicatedby
total-pressuremeasurementsnormaltothetuelwalls at thetestsection.

Theinstallationisshownschematicallyinfigurel(b). Thisinstaly e ,.
lationdividedthetunnelintotworelativelyindependentchannelsof
flow. TheMachnumberoftheflowineachchannelwasdeterminedinde- .—
pendentlybymeansofcalibrated.static-pressureorificeslocatedupstream
ofthetestsection.Theaxialstatic-pressuregradientat thetest-
section‘levelwiththemodelsremovedwasnotappreciablealongthe
support–frameforMachnumbersbelow0.85;alongthetunnelwallabove
themodellocationata Machnumberof0.85 a variationfrom-1to 3 per-
cent-oftheMachnwber oftheflowwasindicated.

The10-and30-percentbumpsofh-inchchordcompletelyspannedthe
testsection.Eachmodelhadonechordwiserowof static-pressureorifices
installedonthemodelsurfaceat–thesemispanstation.Modelprofiles,
orificelocations,and,model-supportassemblyareshowninfigure2.

Datawereobtainedbymeasurementsofthechordwisestatic-pressure
distributionalongthesurfaceofthebumps’andofthetotal-pressure
variationacrossthewakesof+hebumps.Thepressuremeasurementswere
obtainedatMachnumbersfrom0.22tothechokingMachnumberforeach
bump. Thechoking
forthe30-percent
humpswasobtained
photographs.

Machnumberwas0.86forthe10-percentibumpand0.73 .-
bump. Additionalinformationontheflowpastthe
at supercriticalMachnumbersintheformof schlieren .

.
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TUNNEL-WALLEFFECTS

Theexistenceofconstrictioneffectsinhigh-speedtunnelshasbeen
shownexperimentally(reference6) andtheproblemhasbeeninvestigated
theoretically(reference7). Thetheoreticallyderivedcorrection,based
ontheassumptionof smallinducedvelocitiesat subcriticalMachnumbers
(seealsoreference2),shouldprovidean indicationofthemagnitudeof
thetunnel-walleffects.Thetheoreticallyindicatederrorsforboth
bumpsat theircriticalMachnmter areas follows:

10-percentbump
Corrected= M x 1.010
Correctedq = q x 1.013

30-percentbump
Corrected=M x 1.012
Correctedq = q x 1.020

Thetheorythusindicatesthatthecorrectionat thecriticalMachnumber
issmall..Becausetheindicatedcorrectionis smallandwouldhaveno
significanteffectonthemainconclusionsobtainedfromthepresent

3 investigation,theexperimentaldatapresentedhereinareuncorrected
fortunnel-walleffects.

. Thechokingphenomenonisan additionalfactorthatentersintothe
problemofwind-tunneltestingat highsubsonicMachnumbers.At the
chokingMachnumbersonicvelocitiesextendfrommodelto tunnelwall,
andthestaticpressureislowerbekindthemodelthanaheadofthemodel;
thuslargegradientsareproducedinthestaticpressure(reference6).
Theresultingflow@st themodelisunlikeanyfree-aircondition,and
dataobtainedat thechokingMachnumberarethereforeofquestionable
valueandarenotpresentedherein.

RESULTS

A comparisonofthepressuredistributionsalongtheprofileof the
30-percentbumpat a Machnumberof 0.50derivedby thetheoretical
methodsofPoggiandofAckeretispresentedinfigure3.

Thebasicresultsoftheexperimentalinvestigationarepresented
infigures4to 7. ThevariationswithMachnumberofthepressuredis- ‘--
tributionsthatweredeterminedexperimentallyarepresentedinf@ure 4.
forthe30-percentbumpandinfigure-5forthe10-percentbump. The
theoreticallyderivedpressuredistributionsareincludedinfigures4

. and5 forcomparisonwiththeexperimentalresults.Theflowpastthe
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*
highMachnumbersis shownby theschlierenphotographs
figure6. Additionalinformationontheeffectsof com-
ontheflowpastthe10-percentbumpisshowninfigure7 c“

as thevariationwithMachnumberofthepressurecoefficientat stat-ions
locatedvariousdistancesabovethesurfaceofthisbumpat the0,50-
chordstation. .-

ThevariationwithMachnumberintheestimatdnormalshock10BS
forthe10-percentbumpispresentedinfi~_re8,andthetotalpressure
variationacrossthewakeofthe10-percentbumpat severalMachnumbers

—

isshowninfigure9. Theeffectof compressibilityonthelocationof
thestationatwhichstreamvelocity(P= O)-wasattainedontheforward

.—

partofthemodelisshownforbothbumpsinfigure10.

DISCUSSION

ComparisonofExperiment-withTheo~y

PoggifsandAckeret~smethods.-Poggi’smethodyieldsthecomponents
ofthefluidvelocityintheformof’a power“seriesinstreamMachnumber.
Thecoefficientsofthevariouspowersof stTeamMachnumberareexact
andvalid.forallvalues ofthickness.ThemethodofAckeret,however, r:

yieldsthecomponentso&the fluidvelocityintheformo~-apowerseries
inthickness(referencel). At highsubcriticalMachnumbers,therefore,
themoresatisfactorysolutionsoftheflowpastthinmodelsshouldbe

A.

obtainedby themethodo&Ackeret,whereasPoggi’smethodshouldyield
themoresatisfactorysolutionsforthickmodelssuchas the30-percent
bump. A comparisonisgiveninfigure3 of thepressuredistributions
obtainedby thesetwomethodsforthe30-percentbumpata
of0.500.Fromtheappearanceofwrigglesigthepgessure
derivedbythemethodofAckeretthismethodisdeducedto
for30-percentbumps,aswasexpected.Inthecom~risons
reticalandexperimentalresultsthatiaregivenhereinthe
Poggiisu“sed,therefore,forthe30-percentbump,whereas
methodisused.for”the10-percentbump.

Machnumber. “~
dls@ibution
be inaccurate

.-

betweentheo-
methodof
Ackeretls

SubcriticalMachnumberrange.-An examinationoflthetheoret-ical-
andexperimentalpressuredistributionsatilowspsedsonthethickbump
(fig.h(a)) and,thethinbump(fig.~(a))disclosestwodisagreements.
Thedissymmet~yintheexperimentalpressme..distributionoverthefront
andrearpartsof thesemodelscanbe attributedtoviscosityintherea-l
fluidthat”producesa changeintheflowasa resultofthegrowthof
theboundarylayer.A differencebetweenthetheoreticallyand.exp&ri- .-
mentallydeterminedmaximumnegativepressur–coefficientscould.be .

ex~ctedasa resultoftheeffectso&theboundarylayeflromthesup-
portplateandthesimplifyingassumptions(suchas theassumptionofa ..
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perfectfluid)thatweremadeinthetheoreticalanalysis.Closeragree-
mentbetweentheoryandexperimentcouldhavebeenobtainedat thegivenr speed(M= 0.225)hadthetheoreticalpressuredistributionsbeendeter-

.

minedforslightlythinnermodels;namely,8.3-percentand27’-percent.-
bumps.

Inspectionoftheexperimentalpressuredistributionsinthesub-
criticalMachnumberrange(figs,l(a)andL(b)andfigs.5(a)to5(c))
indicatesthattheeffectofcompressibilityonthepressuresactingon
thesebumpsisingoodagreementwiththetheoreticallypredictedeffect;”
theagreementforthethinbumpiscloserthanforthethickbump. The
theory,however,slightlytid.erestimatestherateof increasewithMach
numberofthemaximumnegativepressurecoefficientPM, evenforthe
thinmodel.

Supercrit’icalWch nwnberrange.-Thepressurediagramsof figure4
indicatethatseparationoftheflowoccurredinthesupercriticalspeed
range.Thisindicationis substantiatedby theschliereriphotographsof
theflowpastthe~0-percentbump(fig.6).Pressure-distributiondia-
gramsandschlierenphotographsfurthershowthatas theMachnumberis” “-””

-—

increased,Pm= decreaseswhiletheshockpositionisnotappreciably
affected;theseeffectsresultfromtheextensiveseparatedflowdondition.

*

Separationoftheflowfromthe10-percentbump,as shownby the
schlierenphotographs(fig.6) isnotappreciableforMachnumbersless*
thanapproximately0.81.At somewhathigherMachnumbersseparation,of
a muchlesserdegreethantheseparationfromthe30-percentbump,appears
to startat thebaseoftheshockandcouldthereforebe expectedto
havelittleorno effectontheflowaheadoftheshock.
.
A comparisonbetweentheexperimentalandtheoreticalpressure-

distributiondiagramsforthe10-percentbumpat supercriticalMach
..

numbers(fig.5) showsthattheexperimentallydeterminedvaluesof

/dF’madM werelargerthanthetheoreticalvalues(alsoshownin fig.7);
a largedisagreement,however,occurredintheshapesofthepressure
distributions.Thedivergencebetweenthetheoreticalandexperimental
distributionsincreasedas theMachnumberincreasedabovea valueof
0.785asa resultoftherearwardmovementofboththepositionof Pm
andthe“discontinuity”intheexperimentalpressuredistribution.The
positionsofthesepressurediscontinuitiesareingoodagreement(within
0.03c)withthepositionsoftheshocksshownintheschlierenphotographs
offigure6. —

Iftheadiabaticgaslaw,
—

. Bernoulli~sequationforcompressible
flows,andtheequationofcontinuity(conservationofmass)arecombined,

—

thefollowingrelationbetweenflowarea s andpressurey withina
. streeuntubecanbe obtained:
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.

ds 1- M2 dp—=—.
s ~~2 p

where y istheratioof specificheats.

Thisrelationshowsthat-heretheareaof thestreamtubeis
expanding(positive..ds)compressions(positivedp)occurifthe-local
flowissubsonic(M<l), butifthelocalflowissupersonic(M>1)
expansions(negativedp)occur.

Theforegoingrelation,exactforflowwithina streamtube,should
be expectedtn~dicatethedirectionofpresfiurechangeintwo-dimensional
flow.At subcriticalspeedstheshapeofthepressuredistributionisin
agreementwiththisrelation,aswasexpected.Theagreement.withthe
relationindicatesthatthestreamlineshavelesscurvaturethanthesur-
faceofthemodel.At supercriticalMachnumbers,however,theassumption
ofa symmetricalsolutioninthetheoreticalstudy(reference1)requires
thestreamlinestohavemorecurvaturethanthesurfaceinthe~egionof
supersonicflow. Thistheoreticalrequirementisnotphysicallytenable
intheflowovertherearpartofthemodelmidconsequentlytheyosition
of Pm= couldbeexpected.tomoverearwardatisu~rcriticals_peedsas-
shownby theexperimentalresults.Thepressureat therearofthemodel,
however,ishighrelativetothepressureinthelocalsupersonicflow
region,andthisconditionnecessitatesa compressionofthefluid.All
availableinformationhasshownthatcompressionsoffluidsmovingat-
supersonicvelocityareaccompaniedby shocksandconsequentlyby energy
losses.Thecompressionshocksareevidentintheschlierenphotographs
of figure6.

Theforegoingconsiderationsindicatethatthetheoreticalpressure
distributionsat supercriticalMachnumberscannotevenapproximat=a
truepictureoftheflowconditionsovertherearofthemodel.Thecon-
siderationsfurtherleadto thepossibilitythatanasymmetricaltypeof
theoreticalsolutionwouldbenecessaryto obtainagreementwiththereal
flow,anda mathematicalsolutionof thistypeof flowcouldinclude
discontinuityies.

Shocklosses.-‘The-lossesthroughshocksintwo-dimensionalfloware
dependentonthreefactors:namely,theintensityoftheshock,the

.-.

distancetheshockextendsnormalto thechordintothe,flowabov~the
model,and,thevariationin intensityof theshockalongthisdistance.
Thefirstfactorobtainedfrommeasuredvaluesof Pmw (fig.7) and
fromthetheoreticallossintotalpressurethroughnormalshocks(refer-
ence8) ispresentedinfllgure8(a)as theLOSSintotalpressurein
termsofdynamicpressureAH/q. Thefactor&/q isthetheoretical
lossincurredina flowthrougha normalshockinonedimensionandis
onlyanapproxtiaterepresentationfurthelossintwodimensims.The

—

.

-

.

B

.

H

-.

.

—-

*.-.
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secondfactorcanbe representedby theextentof thesupersonic-flow
regionabovethesurfaceofthemodel y/c. Theexperimentalvaluesof

r y/c,obtainedfrommeasuredstaticpressuresintheflowfieldabovethe
0.5-chordstation(fig.7)areshowzby figure8(b)tobe ingoodagree-

.—

mentwiththetheoreticallyderivedvaluesofreference1.
.—

Theprodtictof y/c (experimental)and di/q (presentedin
fig.8(c))givesanestimated.shock-lossvariationforonesideofthe
10-percentbump. Figure8(c),however,doesnotincludethethirdfac-
tor;thatis,thevariationinshockintensityorlossthroughshock
alongthedistancey/c. Considerationofthevelocitygradientinthe —
flowabovethe10-percentbump(seefig.7) indicatesthattheloss
throughtheshockvariesfroma maximumvaluenearthesurfaceofthe

...w-

model(fig.8(a))to O at a distancey/c fromthemodelwherethelocal
Machnumberis1.0. Figure7 andthemeasuredtotalpressurevariation
acrossthewakeofthe10-percentbump(fig.9) indicatethattheeffect
ofcompressibilityonthisthirdfactorissmallforthemodeland.the
Machnumberrangeconsidered.Thethirdfactorcouldbe approximated
thereforeby a constant(lessthan1),theeffectofwhichwouldchange
onlythenumericalscaleinfigure8.(c).

Theestimatednormal-shockloss(fig.8(c))indicatesthatthecritical
Machnumber(0.756)canbe exceededby 6.5percentofthevelocityof

●

soundbeforethelossordragincrementattainsa valueof 0.01as a
resultof shockalone.Thetestpointsinfigure8(c)arethemeasured._—
incrementsindragcoefficientabovethevalueobtainedata Machnum-.
berofO.n (obtainedas fromfig.9). Thedelayinlossshownby these
testpointsis”in goodagreementwiththeestimatedshock10SS. ._—-

Figure8 illustratesthattheassumptionthatshocksformat ~r
isinaccordwiththephenom&athatoccuranddoesnotnecessitate.an ..
abruptincreaseinlossesordragat Mcr.

—
Theestimatedshockloss,

however,doesnotincludethead.d,itionallossfromflowseparationthat
isgenerallyencounteredat supercriticalspeeds.(See30-percentbump
infig.6 andreferences9 and10.)

,
Streamvelocitystationxs.-Theexistenceofan effectofcom-

pressibilityonthestationatwhichstreamvelocityoccursxs (fig.10) “—
indicatesa limitto thespeedstowhichthelow-speedpressure-
distributiondiagramscanbe extrapolatedby thetheoreticallyderived
methodsingeneraluse. Thevarioustheoreticalmethods~fextrapola-
tion,namely,Prandtl-Glauert(references3 and4),VonKarm&n-Tsien
(reference5),andTemple-Yarwood(reference11)give

. dx~
—= o
dM

.
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CalculationsbyAckeret’sandPoggi’smethods(reference1),however,
showthat xs movestowardthechordwisepositionof Pmu as theMach
numberisincreased.Themovement,whichby derivationisindependent-
ofviscouseffects,issmall-atsubcriticalMachnumbersbutvincreases
rapidlyas thecriticalMachnumberisexceeded.Bythecomparisonin
figure10 theeffectsofcompressibilityon X6 forthebumpsas deter-
minedby experimentandby theoryareshowntohe inverygoodagreemen~.

ThemovementwithincreasingMachnumberof xs towardthelocation
of Pm Iandtheincreasein dxsdM withincreasedthickness-chord
ratio(fig.10)isinagreementwiththeresultsofpressure-distribution
measurementsonairfoils(reference12)andhs beenreferredto.asbeing
comparableto increasesinthickness.

Theseex~rimentalandtheoreticalresultsindicatethattheusual
methodsofextrapolatinglow-speedpressuredistributionsforbodies
havingfiniteinducedvelocitiesaredefectiveforvaluesofpressure
coefficientat ornearzero.

—

LimitingMachnumber.-Thetheoreticalpressure-distributiondiagrams
at supercriticalMachnumberswerejustifiedby a theoreticalindication
ofa limitingMachnumber,beyondwhich_potentialflowcanno longerexist
(reference1). Flowswithoutshockwerethusassumedto occuratMach
numbersbelowthelimitingvalue,eventhoughsupersonicvelocitieswere
attainedlocallywithintheflow. .—

Theexperimentallydeterminedflowintheregionofcompressionover _
therearofthemodelisincompletedisagreementiwiththeory.Incon-
nectionwiththeformationof shock,therefare,thelimitingMachnumber
hasno significance.Someagreementbetween--theoryandexperiments
indicatedat supercriticalMachnumbers,however”,on theflowoverthe--,
forwardpart-ofthemodel.(figs.8(b) and10(})).ThelimitingMachnum-
berthereforemaybe applicabletotheflowintheregionofexpansion
aheadof thelow-speed.locationaf.Pmax butisinapplicable-tothe
regionofcompressionandconsequentlyto theformationof shockfor
which Mcr retainsitspracticalsignificance.

General.-
at subcritical

ComparisonofFlowpastBumpsandAirfoils

Theeffectso&compressibilityontheflowpastthebumps
s~eds,as shownby pressuredistributionsandschlieren

photographs,areinaccordwithpreviousairfoilinvestigations(refer- ,
ences9, 10,and12).

At supercriticalspeedstheeffect-sofcompressibilityonthevalue
Endpositionof Pma differforthetwobumps.Forthe30-percentbump

.—

.

1

.+=

.

——
.-

4

. .—

—
.—

.-
..

.
.

—

.-

-.
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r
dPma/dM isnegativeandthepositionof Pm isapproximatelyconstant
throughoutt e supercriticalspeedrange;forthe10-percentbump,how-

.-
.

?ever,d~a dM ispositiveandthepositionof Pm continuesto
movedownstreamwithincreasingMachnumber.Thesedifferencesmaybe
attributedtoa verylargedifferenceintheextentoftheseparatedflow
fromthetwobumpsxthe30-percentbumpnaturallyhavingthelarger
separatedflowregion.

Pressuredistributionsandschlierenphotographsobtainedfromair-
foilinvestigationsareinverygoodagreementwhencomparedwiththese
experimentalresultsonthebasisof comparableadversepressuregradients
(seereferences9, 10,12,and13).

Disturbancesandpressurediscontinuities.-ThecriticalMachnumber .~”l.
Mcr isimportantbecauseitmarkstheendofthesubcriticalspeedrange)

in whichseriousadverseeffectsof compressibilityarenotencountered.

Variousmethods,includinginspectionof schl.ierenphotographs,
havebeenusedtodetermineMcr. Theresultsofthepresentinvestiga-
tion(fig.6) indicateclearlythat‘schlierenphotographshavinga small
exposuretime(2microsec.)areinadequateto determineI&r accurately.
Figure6(a)(M30= 0.-513)showsa disturbanceonthe30-percentbumpthat

●

issimilartotheshockformationthatoccursat or slightlyaboveMcr
(O.524).(Comparewithfig.6(b).) Fortheconditionshownin fig-

. ure6(a),themaximumlocalMachnumber.,as determinedfromthepressure-
distributiondata,is0.965.A similarphenomenonisobservedinthe
flowpastthe10-percentbump,forwhich Mcr= 0.756.(Comparefigs.6(f)
to6(h).)IhthiscasethemaximumlocalMachnumberis0.945fora
streamMachnumberof0.733.High-speedmovingpictureswerenottaken
forthebumps;however,thedisturbancesobservedintheflowat sub-
criticalMachnumbersarebelievedtobe notstationary.Theseresults
areinagreementwithresultsinreference10 andotherresultsobtained
intheLangley24-inchandrectangularhigh-speedtunnels.Disturbances
canprobablybe observed,therefore,nearthemodelsurfacewhenthe
localliachnumberisof theorderof 0.95.

Inconnectionwiththeoccurrenceofdisturbancesintheflow,the
conditionsunderwhichdiscontinuitiesappearinthepressure-distribution
diagramsshouldbe considered.Theshapeofthepressurediagramforthe
10-percentbumpchangedwithsomeindicationofa discontinuityat a
Machnumberof0.789correspondingtoa maximumlocalMachnumberof1.10
(fig.5(e)).Infigure5(f)forthe10-percentbumpandfigurel(e)for
the30-percentbump,themaximumlocalMachnumberforbothfiguresis

A 1.17,andthereforethediscontinuityismoredefinite.Pressure-
distributiondatafromairfoilinvestigationsshowedthatthefirst
indicationofa discontinuityoccurredwhenthemaximumlocalMachnumber

. wasequalto or slightlygreaterthan1.1,whereasa definitediscontinuity
wasevidentwhenthemaximumlocalMachnumberwassomewhatlessthan1.2.

-.

—
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A.discontinuityinpressure-distributiondiagramscouldthusbe expected
whenthelo,calMachnumberisapproximately1.15.Thediscussionof

.-

disturbancesintheflowp%stmodelsanddiscontinuitiesinpressure-
distributiondiagramsshowsthesemethodsofestimatingMcr tobe
inaccurate.

.-

E!ecauseof thegeneralagreementbetweenthepresentinvestigation
onbumpsandpreviousinvestigationsonai+~oils,theexperimentally
verifiedpartsof thetheoreticalinvestigationo&reference1 canbe

—.

consideredtobe applicabletoaiyfails.

CONCLUSIONS

Resultsofan investigationmadeintheLangleyrectangularhigh-
speedtunnelontheflowpast+wobumpshay:ngthickness-chordratloBof
0.10and0.30indicatedthefollowingconc~>sions:

1.Theeffectsofcompressibili~ontheflowpastthesespecially
shapedprofilesorbumpswereinagreementwithpreviousinvestigations-,-.
onairfoils.

2.Reasonablygoodagreement-wasfound.betweentheexperimental
resultsandthesymmetricaltypeoftheoreticalsolutionoftheflowpast
thebumpsexceptintheflowovertherear’halfaf themodelsat super-
criticalMachnumbers. —

3. Thelargedisagreement-betweenthe,6mmetricaltypeoftheoretical
solutionandtheexperimentallydetermined-flowovertherearof themodels‘
at supercriticalspeedsindim.teda possibilitythatanasymmetricaltype
oftheoreticalsolutionwouldbenecessaryb obtainagreementwiththe
realflow,andsucha solutioncouldinclu-demathematicaldiscontinuities
intheflow.

4.The“limtiing’,’Machnumberwasfound_tahaveno practicalsignifi-
canceinrelationtotheformationofcompressionshocksbutmighthave
someapplicationtotheflowovert-heforw.~dpartofa modelwhere
expansionsoccurat lowsyeeds.

LangleyAeronauticalLEbofatory
NationalAdvisoryCommitteeforAeronautics

LangleyField,Vs.,April1,1946
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(a)General. T

Figure1.-SchematicdiagramofLangleyrectangularhigh-speedtunnel
withopticalequipmentandbumpinstallation.
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Figure3.-ComparisonoftheoreticalresultsfromthePoggiand.Ackeret
methods.30-percentbump;M = 0.500. T-

..—
.—



18 NACATN2484

●

—

.-

● ✿

.

.

Figure4.-Pressuredistributionoverthe30-percentbump.-
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Figure5.-Continued. w
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Figure6.-
:b)~-loR 0.541; M30= 0.534,

Schli7eX~q..yhotographsof flowpastthe10-and.?..$,-..., bumps. J ..
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(c)Mlo = 0.590; M30= 0,576.
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(d) MI()E 0.630; M30 = 00606.

Figure6.-Continued. v
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(e) MIO = 0.673; M30 = 0.635.

(.f) M1O‘ 0.733; M30= 0.670. “

Figure6.- Continued.“~
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(g)Mlo = 0.754; ~30= 0.6800

~-&

(h) M~O = 0.785; M30 = 0.694,

Figure6.-Continued. “v
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(i)MIO = o@807; M30= 0.701.
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● (k)Mlo= 0.830: ~30= O*71O.
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(1) Mlo = 0.840;M30= 0.714.

Figure6.-Concluded.–-.
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&lach number, M A’

Figure7.-VariationwithMach
several locationsinthe

number of the
flow field of

pressure coefficient at
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Figure9.-Totalpressurevariationacrosswakeof 10-_gercentbump.
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